A Role for Metaphase Spindle Elongation Forces in Correction of Merotelic Kinetochore Attachments  by Choi, Sung Hugh & McCollum, Dannel
A Role for Metaphase SpindCurrent Biology 22, 225–230, February 7, 2012 ª2012 Elsevier Ltd All rights reserved DOI 10.1016/j.cub.2011.12.022Report
le
Elongation Forces in Correction
of Merotelic Kinetochore AttachmentsSung Hugh Choi1 and Dannel McCollum1,*
1Department of Microbiology and Physiological Systems and
Program in Cell Dynamics, University of Massachusetts
Medical School, Worcester, MA 01605, USA
Summary
During mitosis, equal segregation of chromosomes
depends on proper kinetochore-microtubule attachments.
Merotelic kinetochore orientation, in which a single kineto-
chore binds microtubules from both spindle poles [1], is a
major cause of chromosome instability [2], which is com-
monly observed in solid tumors [3, 4]. Using the fission yeast
Schizosaccharomyces pombe, we show that a proper force
balance between kinesinmotors on interpolar spindlemicro-
tubules is critical for correcting merotelic attachments. Inhi-
bition of the plus-end-directed spindle elongation motors
kinesin-5 (Cut7) and kinesin-6 (Klp9) reduces spindle length,
tension at kinetochores, and the frequency of merotelic
attachments. In contrast, merotely is increased by deletion
of the minus-end-directed kinesin-14 (Klp2) or overexpres-
sion of Klp9. Also, Cdk1 regulates spindle elongation forces
to promote merotelic correction by phosphorylating and in-
hibiting Klp9. The role of spindle elongation motors in mer-
otelic correction is conserved, because partial inhibition of
the human kinesin-5 homolog Eg5 using the drug monastrol
reduces spindle length and lagging chromosome frequency
in both normal (RPE-1) and tumor (CaCo-2) cells. These
findings reveal unexpected links between spindle forces
and correction of merotelic attachments and show that
pharmacological manipulation of spindle elongation forces
might be used to reduce chromosome instability in cancer
cells.
Results and Discussion
The Role of Aurora Kinase in Correction of Merotelic
Attachments Is Conserved in S. pombe
Merotelic attachments have been characterized primarily
in mammalian cells. However, recent studies show that
although wild-type Schizosaccharomyces pombe cells do
not typically display merotelic attachments in anaphase,
mutants defective in centromeric heterochromatin (swi6D) or
the monopolin complex (mde4D or pcs1D) display merotelic
attachments, which if not corrected lead to lagging chromo-
somes in anaphase and potentially unevenly segregated chro-
mosomes in telophase ([5, 6]; Figure 1A). Monopolin mutants
frequently display unevenly segregated chromosomes in telo-
phase [7], as well as lagging chromosomes in anaphase. To
determine whether lagging chromosomes lead to the uneven
segregation phenotype, we analyzed chromosome segrega-
tion in mde4D mutants expressing histone-mRFP using time-
lapse analysis. We observed that 46% (30/65) of mde4D cells
that display lagging chromosomes in anaphase show uneven*Correspondence: dannel.mccollum@umassmed.educhromosome segregation in telophase, indicating that
some but not all lagging chromosomes lead to segregation
errors consistent with other studies [8–10]. However, because
all cases (n = 30) of uneven chromosome segregation ap-
peared to be the result of earlier improper segregation of
anaphase lagging chromosomes (for example, see Movie S1
available online), we combined the two classes (lagging
[anaphase] and unevenly segregated [telophase] chromo-
somes) for subsequent analysis of fixed mde4D and swi6D
cells.
We next determined whether mde4D and swi6D mutants
could serve as useful models for characterizing merotelic
correction mechanisms relevant to mammalian cells. In partic-
ular, because the kinase Aurora B is important for correction of
merotelic attachments inmammalian cells [11, 12], we tested if
this was also true for the S. pombe Aurora kinase homolog
Ark1. Indeed, double mutants that combined the temperature
sensitive ark1-T7 mutation or the Aurora-associated chromo-
somal passenger complex proteins INCENP (pic1-13Myc)
and survivin (cut17-275) with the mde4D or swi6D mutations
showed strong synergistic phenotypes and increased lagging
and unevenly segregated chromosomes (Figures 1B and S1A).
Conversely, overexpression of Ark1 reduced the frequency of
lagging chromosomes in mde4D mutant cells (Figure 1C).
Together these results show that the role of Aurora kinase
in correction of merotelic attachments is conserved in
S. pombe and mammalian cells.
Phosphorylation of Cdk1 Substrates Promotes Correction
of Merotelic Attachments
In the course of making double mutants between mde4D and
various genes involved in chromosome segregation, we dis-
covered that deletion of the Cdc14-family phosphatase gene
clp1 significantly reduced the lagging chromosome frequency
in both monopolin (mde4D; p < 0.01) and heterochromatin
(swi6D; p < 0.01) mutants (Figures 1D, S1B, and S1C).
Conversely, increasing Clp1 activity in the nucleus using the
clp1-NLS allele [13] caused an increase in the lagging chromo-
some frequency (Figure 1E), showing that Clp1 antagonizes
correction of merotelic attachments. Because Clp1 and other
Cdc14-family members oppose cyclin-dependent kinase
(Cdk1) by preferentially dephosphorylating sites phosphor-
ylated by Cdk1, these results suggested that increased
phosphorylation of one or more Cdk1 substrates promotes
correction of merotelic attachments. This hypothesis is sup-
ported by the observation that mild overexpression of cyclin
B (Cdc13), which increases Cdk1 activity [7, 14], also causes
a reduction in lagging chromosome frequency in mde4D
mutant cells (Figure 1F).
Deletion of Clp1 Corrects Merotelic Attachments
by Reducing Spindle Elongation Forces
We investigated two possible mechanisms for how deletion of
clp1 reduced the lagging chromosome frequency in mde4D
and swi6D mutants. Deletion of clp1 could prolong pro/
metaphase to allow more time for correction, analogous to
previous findings in mammalian cells [15]. Alternatively dele-
tion of clp1 could cause changes in spindle architecture
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Figure 1. Aurora and Cdk1 Kinases Affect
Correction of Merotelic Attachments
(A) The diagram depicts both normal (bipolar) and
aberrant (merotelic) attachment of sister kineto-
chores to microtubules in metaphase (top) and
the resulting segregation pattern of each type of
attachment in anaphase (bottom).
(B) Top: genetic interactions between mde4D,
swi6D and mutations in the chromosome pas-
senger complex. The mde4D and swi6D mutants
were crossed with the chromosome passenger
complex mutants, Aurora kinase (ark1-T7), survi-
vin (cut17-275), and INCENP (pic1-13myc). Ge-
netic interactions are shown as synthetic lethality
(S.L) andweak growth (+/2). Bottom: swi6D ark1-
T7 double mutant cells show a synthetic growth
defect compared to either singlemutant. The indi-
cated strains were grown in YE at 25C, and then
serial dilutions were spotted on YE plates and
incubated at the indicated temperatures for
3–5 days.
(C) The frequency of lagging or unevenly segre-
gated chromosomes was scored for asynchro-
nously growing anaphase and telophase mde4D
and wild-type cells that mildly express Ark1-
GFP under leaky expression of the nmt1 pro-
moter in the presence of thiamine. Error bars
represent the mean 6 SD (n = 3; 100 cells each).
(D–F) The frequency of lagging or missegregated
chromosomes was determined for the following
asynchronously growing cells: (D) mde4D and
swi6D mutants in the presence or absence of
clp1, (E) mde4D and swi6D mutants with and
without low levels of clp1-NLS expression (i.e.,
leaky expression from the nmt1 promoter in the
presence of thiamine), and (F) mde4D, mde4D
clp1D, and wild-type cells that mildly overex-
press cyclin B (pCdc13) using a genomic clone
on a multicopy plasmid. Cells were fixed with
methanol and DNA was stained with DAPI. Error
bars represent the mean 6 SD (n = 3; 100 cells
each). See also Figure S1 and Movie S1.
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generating normal bipolar attachments [16]. As judged by
time-lapse analysis, the clp1D mutation did not significantly
change metaphase length in mde4D cells (Figure S1D; p =
0.22). Similarly, synchronous cell experiments showed that
the time from mitotic entry to anaphase onset was the same
for mde4D and mde4D clp1D cells (Figure S1E). However,
the time-lapse analysis did reveal clp1-dependent changes
in spindle architecture. Namely, whereas mde4D mutant cells
display an increase in metaphase spindle length [7], we found
that deletion of clp1 inmde4D cells reduced this length to that
of wild-type (Figure S2A). (Note that although other mutants
with defects in attachment of kinetochores to microtubules
also show increased metaphase spindle length [17], the
reason for the increase is unclear but may reflect reduced
inward forces opposing spindle elongation.) As a separate
method to accurately measure spindle length at the precise
time of anaphase onset, we developed a method using asyn-
chronous cells in which we simultaneously scored spindle
length plus the presence or absence of the preanaphase
marker Cut2 (securin) (see Supplemental Experimental Proce-
dures and Figures S2B–S2D). Similar to our results using time-
lapse analysis, this method also showed that deletion of clp1
significantly reduced the metaphase spindle length in mde4D
(p < 0.05) and swi6D (p < 0.05) cells (Figure 2A). Deletion of
clp1 also reduced the spindle length in wild-type cells butthe reduction did not quite reach the level of significance
(p = 0.072). Furthermore, expression of Clp1-NLS increased
the length of the metaphase spindle (Figure 2B) in accord
with its increase in the lagging chromosome frequency
described above (Figure 1E). In summary, the genetic manip-
ulations that reduce merotely also reduce spindle length, and
vice versa.
We hypothesized that the reduction in spindle length in
clp1D cells could reflect decreased spindle elongation forces,
which would in turn result in reduced tension on kinetochores.
The reduction in kinetochore tension could then promote
merotelic correction by destabilizing kinetochore microtubule
attachments through Aurora-dependent [16] or -independent
mechanisms [18]. Therefore, we tested whether the decrease
in metaphase spindle length observed in clp1D mutants
affects the tension on sister kinetochores at metaphase. To
assess this, we measured interkinetochore distance in swi6D
(Figures 2C and 2D) or wild-type cells (Figures S2E and S2F)
using a GFP-marked centromere in fixed cells arrested at
metaphase. Overall the clp1Dmutation shifted the distribution
toward a shorter separation between sister kinetochores
(Figures 2C and S2E) and significantly reduced average
interkinetochore distance (Figure 2D [p < 0.0001]; Figure S2F
[p < 0.0001]). These data suggest that reduction in metaphase
spindle length caused by deletion of clp1 results in decreased
interkinetochore tension.
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Figure 2. Lack of Clp1 CorrectsMerotelic Attach-
ments by Reducing Spindle Elongation Forces
(A and B) The spindle length at the metaphase/
anaphase transition was determined by re-
ceiver operating characteristic (ROC) analysis
(see Supplemental Experimental Procedures for
details) and compared between the indicated
strains. Error bars represent the mean 6 SD (n =
3; 100 cells each). The differences between all
pairwise combinations in each graph were statis-
tically significant by unpaired t test (p < 0.05),
except forbetweenWTandclp1D in (B) (p=0.072).
(C)Strains expressing theSPBmarkerCdc11-GFP
and carrying GFP-marked centromere 2 (Cen2-
GFP)werearrestedatmetaphasebyoverexpress-
ing Mad2 from the thiamine-repressible nmt1
promoter for17hrandfixed.Thedistancebetween
Cen2-GFP dots was measured. Error bars repre-
sent the mean6 SD (n = 3; > 280 cells each).
(D) A comparison of average interkinetochore
distances obtained from (C). The values for the
swi6D clp1D and swi6D klp9D showed statisti-
cally very significant differences compared to
the swi6D parent by an unpaired t test (p <
0.0001). Error bars represent the mean 6 SEM
(n = 3; > 280 cells each). See also Figure S2.
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Metaphase Spindle Length and Merotelic Correction
Although our results indicated that Clp1 (and Cdk1) likely
regulates merotelic correction through effects on metaphase
spindle length, the relevant target (or targets) was not known.
Spindle length in metaphase is determined at least in part by
a balance between sliding forces generated by plus- and
minus-end-directed kinesin motors on overlapping interpolar
microtubules, as well as resistance from sister chromatid
cohesion [19]. In S. pombe, the kinesin-5 Cut7 (Eg5 in hu-
mans) and the kinesin-6 Klp9 drive outward sliding of inter-
polar microtubules [20, 21]. Although both kinesin-5 and
kinesin-6 are regulated by Cdk1 in humans [22, 23], only the
kinesin-6 Klp9 appears to be a Cdk1 target in S. pombe
[20, 24]. Cdk1 phosphorylation of Klp9 inhibits its localization
to the spindle in early mitosis, and Clp1-mediated dephos-
phorylation of Klp9 allows it to promote spindle elongation
in anaphase [20], but it was not clear whether Klp9 functions
in spindle length control in metaphase. We hypothesized that
increased Cdk1 activity or reduced Clp1 activity in metaphase
might cause a reduction in spindle length by inhibiting Klp9.
Indeed, deletion of klp9 reduced the metaphase spindle
length in wild-type, mde4D, and swi6D cells (Figure 3A) and
caused a reduction in kinetochore tension (Figures 2C, 2D,
S2E, and S2F). In contrast, metaphase spindle length in-
creased upon overexpression of Klp9 and to a greater extent
nonphosphorylatable Klp9 [Klp9(S/A)], in which the Cdk1
consensus sites are mutated to alanines [20] (Figure 3B). In
accord with the effects on spindle length, manipulation of
Klp9 activity yielded corresponding effects on merotelic
correction. The klp9D mutation reduced the lagging chro-
mosome frequency in both mde4D and swi6D mutants (Fig-
ures 3C, S1B, and S1C). In contrast, overexpression of Klp9
increased the frequency of lagging chromosomes, and over-
expression of Klp9(S/A) showed an even greater increase
(Figure 3D). Overexpression of Klp9(S/A) caused lagging
chromosomes even in wild-type cells (Figure 3D) and most
of those lagging chromosomes are single chromatids con-
sistent with them being caused by merotelic attachments
(Figure S3A). Collectively, these findings suggest thatCdk1-mediated inhibition of Klp9 activity during early mitosis
is important to prevent merotelic attachments.
Merotelic Correction Can Be Controlled through
Manipulation of Spindle Elongation Motors
We next tested whether other motors that localize to interpolar
microtubules and regulate spindle elongation forces could
also affect merotelic correction. The kinesin-5 motor Cut7
is required for spindle pole separation prior to anaphase
[20, 21, 25]. Because Cut7 is essential for bipolar spindle
assembly, we examined the cut7-24 temperature sensitive
mutant at permissive temperature, and found that it decreased
the lagging chromosome frequency in bothmde4D and swi6D
cells (Figure 3E). Furthermore, the cut7-24 mutation sig-
nificantly (p < 0.05) reduced spindle length in swi6D cells (Fig-
ure 3F) and the interkinetochore distance in metaphase
arrested wild-type cells (Figure S3B). Cut7 is thought to be
opposed in preanaphase by the minus-end-directed kinesin-
14 motor Klp2, and deletion of klp2 causes a slight elongation
of the metaphase spindle (Figure S3C; [26]). Although deletion
of klp2 on its own did not enhance the lagging chromosome
frequency in mde4D mutants, deletion of klp2 did increase
the lagging chromosome frequency of mde4D klp9D mutant
cells (Figure S3D) showing that a balance of plus- and
minus-end-directed motors is essential for correction of
merotelic attachments.
Enhancement of Merotelic Correction in Human Cells
Using an Eg5 Kinesin Inhibitor
To test whether reduction of spindle elongation forces
in mammalian cells could enhance correction of merotelic
attachments as we observed in yeast, we analyzed the effect
of a low dose (15 mM) of the drug monastrol, which inhibits
the kinesin-5 motor Eg5, on normal human cells that had
been induced to have lagging chromosomes due to merotely.
A previous study showed that the human cell line RPE-1 (which
has normal ploidy and is chromosomally stable) displays mer-
otelically attached lagging chromosomes following release
from arrest in nocodazole [4]. Using a similar protocol, we
arrested RPE-1 cells in nocodazole for 7 hr and then released
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Figure 3. Correction of Merotelic Attachments
Can Be Modulated through Manipulation of the
Activities of Metaphase Spindle Elongation
Motors
(A) Spindle lengths of the indicated strains at the
metaphase/anaphase transition. The differences
between all pairwise combinations of the indi-
cated strains were statistically significant by
unpaired t test (p < 0.05), except for between
WT and mde4 Dklp9D or swi6D klp9D.
(B) Spindle lengths at the metaphase/anaphase
transition were determined for wild-type cells
before (0 hr) and after (17 hr) induction of expres-
sion of Klp9, Klp9(S/A), or no protein (control) for
17 hr from the nmt1 promoter. Error bars repre-
sent the mean 6 SD (n = 3; 100 cells each).
(C) Effect of klp9 on the frequency of lagging
or missegregated chromosomes in the indicated
strains.
(D) Effect of overexpressionofKlp9 (pREP2-klp9),
nonphosphorylatable Klp9 [pREP2-klp9(S/A)], or
no protein (pREP2) for 17 hr using the nmt1 pro-
moter in the indicated strains. Error bars repre-
sent the mean 6 SD (n = 3; 110 cells each).
(E) Frequency of lagging chromosomes inmde4D
and swi6Dmutants in the presence or absence of
cut7-24 mutation.
(F) Spindle lengths at the metaphase/anaphase
transition for the indicated strains. Cells in (E)
and (F) were grown at 25C, the permissive
temperature for the cut7-24 mutation. The differ-
ences between all pairwise combinations of
strains were statistically significant by unpaired
t test (p < 0.05), except for between WT and
cut7-24 (p = 0.827), and WT and cut7-24 swi6D
(p = 0.435). See also Figure S3.
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although high doses of monastrol cause formation of monop-
olar spindles, lower doses lead to shorter spindles, presum-
ably because of reduced spindle elongation forces [27].)
Monastrol treatment caused amajor reduction in lagging chro-
mosome frequency (Figure 4A). Using RPE-1 cells arrested in
metaphase using MG132, we observed that 15 mM monastrol
treatment also caused a reduction in both spindle length and
interkinetochore distance (Figures 4B). Similar results were
obtained using the colon adenocarcinoma cell line CaCo-2,
which like most solid tumors has a high rate of chromosome
instability due primarily to lagging chromosomes [4]. Treat-
ment of CaCo-2 cells with 15 mM monastrol reduced both
average spindle length and the frequency of lagging chro-
mosomes (Figure 4C) (interkinetochore distance was not
assessed because the large number of chromosomes in
CaCo-2 cells complicated the analysis). Monastrol treatment
did not affect bipolar spindle assembly or cause a significant
(p = 0.48) delay in pro/metaphase (Figures S4A and S4B).
Thus, as in yeast, partial inhibition of kinesin-5 can lead to
correction of merotelic attachments.
Conclusions
Previous studies have shown that changes in the dynamics
of kinetochore microtubules can switch cells from a chromo-
somally stable to unstable state and vice versa [28, 29]. Our
results show that changes in the force balance on the mitotic
spindle can also affect chromosome stability. Specifically,
increased Cdk1 activity or inhibition of motors that act on in-
terpolar spindle microtubules causes a decrease in spindle
length, tension at kinetochores, and lagging chromosomes.We show that Cdk1 may affect lagging chromosome fre-
quency through regulation of motors acting on interpolar
microtubules. It is also possible that manipulation of Cdk1
activity affects chromosome segregation through changes
in microtubule dynamics. However, because Klp9 and Cut7
motors are only thought to act on interpolar microtubules,
they likely act by affecting tension at kinetochores through
changes in spindle elongation forces. We showed that de-
creased spindle elongation forces caused a reduction in
tension at kinetochores and reduced lagging chromosomes.
There are several possible explanations for the reduction in
lagging chromosome frequency. First, changes in tension
could affect the strength of kinetochore microtubule attach-
ments through Aurora-dependent (Figure 4D) or -indepen-
dent mechanisms. For example, bipolar attachments are
proposed to be stabilized because they are pulled away
from a zone of high concentration of Aurora, which localizes
to the inner centromere of mammalian cells [30] or to the
heterochromatin flanking the core centromere of S. pombe
[31]. In contrast, merotelic attachments might be pulled
back toward the Aurora zone, making them susceptible to
destabilization by Aurora. However, if the spindle elongation
forces were strong enough, the merotelic attachment would
be pulled out of the Aurora correction zone (Figure 4D, left).
Reduced spindle elongation forces could relax tension on
the kinetochore to allow the merotelic attachment to move
back into the Aurora zone, making it susceptible to destabi-
lization (Figure 4D, right). A second possibility is that the
reduction in tension could destabilize attachments inde-
pendent of Aurora as has been observed in budding
yeast [18]. A third possibility is that reduced tension at
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Figure 4. Merotelic Correction in Human Cells Can Be Controlled through Manipulation of Spindle Elongation Motors
(A) RPE-1 cells stably expressing centrin-GFP were treated with nocodazole for 7 hr, released into media with 15 mM monastrol for 40 min, and fixed.
Top: an example cell stained for kinetochores (CENP-B), tubulin, and DNA. Bottom: frequency of lagging chromosomes in anaphase. Error bars repre-
sent the mean 6 SD (n = 3; 100 cells each). Arrow indicates a single lagging chromosome. Only single chromosomes (as judged by CENP-B staining)
were scored.
(B) Comparisons of the metaphase spindle length and interkinetochore distances. RPE-1 centrin-GFP cells were treated with 15 mM monastrol for 16 hr,
then 5 mM MG132 for 1 hr and fixed. Top: an example cell stained for kinetochores (CENP-B), tubulin, and DNA. Arrowheads indicate centrosomes, and
arrows indicates paired sister kinetochores. Bottom: metaphase spindle length and interkinetochore distance were determined by measuring the distance
between centrosomes and paired sister kinetochores respectively from cells arrested at metaphase. Error bars represent the mean 6 SD (n = 3; 80 cells
each).
(C) CaCo-2 cells were treated with 15 mMmonastrol for 16 hr and fixed. Top: an example of cells stained for kinetochores (CREST), tubulin, and DNA (scale
bar represents 10 mm). Bottom left: frequency of lagging chromosomes. Only single chromosomes (as judged by CREST staining) were scored. Error bars
represent the mean 6 SD (n = 3; 50 cells each). Bottom right: comparison of metaphase spindle length. Cells were treated with 15 mMmonastrol for 16 hr,
then 5 mM MG132 for 1 hr and fixed. Metaphase spindle length was measured by distance between centrosomes from cells arrested at metaphase. Error
bars represent the mean 6 SD (n = 3; 40 cells each).
(D) A hypothetical model depicting howmerotelic attachment could be corrected by manipulation of motor activities on interpolar microtubules. Phosphor-
egulation of Klp9 by Cdk1 and Clp1, or the indicated mutations in motor molecules, affects tension applied on sister kinetochores. In turn, tension may
regulate the stability of merotelic kinetochores either directly or indirectly by affecting their exposure to the kinase Aurora B. See also Figure S4.
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229kinetochores does not promote correction, but reduces
the initial formation of merotelic attachments through an
unknown mechanism.
Although spindle structure and dynamics are more compli-
cated in mammalian cells, it is intriguing that, as in yeast,
partial inhibition of a spindle elongation motor (Eg5) reduced
lagging chromosome frequency, spindle length, and tension
at kinetochores. It will be interesting in future studies to
explore how Eg5 inhibition reduces lagging chromosome
frequencies and whether it could be combined with changes
in microtubule dynamics to decrease chromosome instability
in tumor cells.Supplemental Information
Supplemental Information includes four figures, Supplemental Experi-
mental Procedures, and one movie and can be found with this article online
at doi:10.1016/j.cub.2011.12.022.
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